Magnesium alloys are the potential degradable materials for load-bearing implant application due to their comparable mechanical properties to human bone, excellent bioactivity, and in vivo non-toxicity. However, for a successful loadbearing implant, the surface of bio-implant must allow protein absorption and layer formation under physiological environment that can assist the cell/osteoblast growth. In this regard, surface wettability of bio-implant plays a key role to dictate the quantity of protein absorption. In light of this, the main objective of the present study was to produce favorable bio-wettability condition of AZ31B Mg alloy bio-implant surface via laser surface modification technique under various laser processing conditions. In the present efforts, the influence of laser surface modification on AZ31B Mg alloy surface on resultant bio-wettability was investigated via contact-angle measurements and the co-relationships among microstructure (grain size), surface roughness, surface energy, and surface chemical composition were established. In addition, the laser surface modification technique was simulated by computational (thermal) model to facilitate the prediction of temperature and its resultant cooling/solidification rates under various laser processing conditions for correlating with their corresponding composition and phase evolution. These predicted thermal properties were later used to correlate with the corresponding microstructure, chemical composition, and phase evolution via experimental analyses (X-ray diffractometer, scanning electron microscope, energy-dispersive spectroscopy).
Introduction
The majority of the load-bearing implants are made of metallic materials (Ti-6Al-4V, stainless steel, and Co-Cr based alloy) due to their superior mechanical properties compared to ceramic and polymer implants. [1] [2] [3] [4] [5] However, these common metallic implant materials have excessively high mechanical properties (density, elastic modulus, and compressive strength) compared to the human bone that causes stress shield effect at the bone-implant interface. This effect can lead to the excessive loading of the implant as compared to a bone thereby causing reduction in bone density. In long term, this leads to bone loosening at the interface between bone and implant. 4, [6] [7] [8] In addition, the relative sliding between bone and metallic implant can release toxic metallic ions and particles (wear debris) that in long term can cause surrounding tissue death and leading to local inflammation. In this case, the corrective surgery is the only solution to resolve these side effects. 9, 10 However, repeating surgery increases the morbidity rate of patients, health care costs, and length of hospitalization. 9 To address these issues, magnesium-based metallic biomaterials have been developed as new generation load-bearing implant materials due to their lightweight, low-density (1.74-2.0 g/cm 3 ), similar elastic modulus (41) (42) (43) (44) (45) , and compressive yield strength (65-100 MPa) when compared to natural bone, which can reduce stress shielding effect and other corresponding side effects. [11] [12] [13] In addition, as biodegradable material magnesium can gradually dissolve in the human body environment after implantation. Furthermore, the release of Mg þ ions can improve the metabolic reactions as well as biological mechanisms that ultimately increase the tissue regeneration rate. 13, 14 Therefore, Mg-based implant is highly suitable for load-bearing application to overcome abovementioned issues associated with the common metallic implants. The commercial Mg-Al alloys, such as AZ91D and AZ31B, have been used widely to investigate their characteristics for biomaterial application. The amounts of aluminum in the AZ91D and AZ31B are 8.3-9.7 wt.% and 2.3-3.5 wt.% Al, respectively. 15, 16 It has been reported that the Mg-Al alloys primarily consist of two phases: a-phase (Mg) and b-phase (b-Mg 17 Al 12 ) and reinforcement of mechanical properties and corrosion resistance properties were achieved by forming b-Mg 17 Al 12 . [17] [18] [19] [20] Nevertheless, since Al ions can quickly combine with inorganic phosphates, causing a lack of phosphate in the human body and inducing dementia, 13, 21 the alloy with large Al amount is not recommended for biomaterial. In this regard, AZ31B is likely to show better biocompatibility compared to AZ91D and therefore selected in the present work.
However, for successful load-bearing implant, the surface of bio-implant must allow protein absorption and layer formation under physiological environment that can assist the cell/osteoblast growth. 22 In this instance, surface wettability of bio-implant plays a key role to dictate the quantity of protein absorption. 22, 23 Wettability can be referred to as hydrophobicity (poor wetting surface) and hydrophilicity (good wetting surface). Further, it can be affected by four major surface characteristics: roughness, chemical composition, surface energy, and heterogeneity. 3, 23, 24 Although the effect of wettability on cell adhesion is still unclear, it is recognized that excess of both hydrophobic and hydrophilic surface are not advisable for cell attachment. 25 Rather, the moderate surface wettability can increase protein absorption, improve osteoblast growth and bioactivity of the load-bearing bio-implant. 23, 25 The surface wettability of bio-implant can be controlled by surface modification techniques, such as ion implantation, surface coating, chemical etching, and laser surface modification techniques. 23, [26] [27] [28] [29] [30] [31] [32] [33] [34] However, among these modification techniques, laser surface modification seems the more effective and efficient technique for surface engineering of biomaterials. [29] [30] [31] This is due to its highly concentrated laser beam with high-energy that can generate excessively rapid rates of heating and cooling. This can lead to the non-equilibrium cooling capable enough for grain refinement, phase transformations, and mixing and formation of composite system on the surface without changing the properties of the bulk material. 35, 36 In the past, numerous researchers investigated the effect of laser surface modification of Mg alloys for various bio applications. [37] [38] [39] [40] [41] [42] [43] [44] [45] Although the main objective of these studies was to analyze the microstructural variation and its subsequent effects on mechanical, tribological, and corrosion properties in vivo/ vitro, [37] [38] [39] [40] [41] [42] [43] [44] [45] these studies place less attention on the role of surface modification for bio-wettability. In light of this, the main objective of the present study was to produce favorable bio-wettability condition on AZ31B Mg alloy bio-implant surface via laser surface modification technique by employing various laser processing conditions. In the present efforts, the influence of laser surface modification on AZ31B Mg alloy surface on resultant bio-wettability was investigated via contact-angle measurements (or its resultant surface energy) and the co-relationship of microstructure (grain size), surface roughness, and surface chemical composition was established. However, due to the localized nature of laser beam the temperature can reach >900 K in a very short interaction time (<10 À3 s), it is very challenging to conduct real-time experimental measurement of thermo-physical properties (temperature, cooling rates, solidification rates) for correlation with the evolving microstructure. In this case, theoretical modeling approach can be an effective solution to overcome many of these limitations. 32, 33, [46] [47] [48] [49] Hence, in the present work, the laser surface modification was simulated by computational (thermal) model to facilitate the predication of temperature and its resultant cooling/solidification rates for various laser processing conditions and later establish the relationship with the corresponding microstructure, chemical composition, and phase evolution via experimental analyses (X-ray diffractometer (XRD), scanning electron microscope (SEM), energy-dispersive spectroscopy (EDS)).
Methodologies

Sample preparation and laser processing
Laser processing was carried out on the AZ31B Mg alloy (Al 3 wt.%, Zn 1 wt.%, Mn 0.5 wt.%, and Mg balance). The rolled sheets of AZ31B Mg alloy were cut into 25 Â 25 Â 7 mm 3 by using a band saw. All the coupons were then polished by using SiC paper (from 320 to 1200 grit) followed by rinsing with methanol. The polished AZ31B Mg coupons were laser surface treated by using 3 kW diode-pumped ytterbium fiber laser system (IPG Photonics, model# YLS-3000, beam diameter ¼ 0.6 mm, wavelength ¼ 1070 nm, power distribution ¼ Gaussian, TEM 00 ) in continuous-wave delivery mode by employing various laser processing parameters (Table 1) . Laser processing was carried by holding the coupon inside the box container filled with Argon (Ar) gas at atmospheric pressure to reduce the oxidation reaction ( Figure 1 ). Due to the smaller laser beam diameter (0.6 mm), the laser processing of larger area was carried out by several successive laser tracks with specific fill spacing (or overlap).
Thermal modeling
In this study, the finite-element modeling approach was employed to mimic the laser surface modification process by using commercially available COMSOL TM multiphysics software. The model was designed to predict the temperature and its resultant cooling/solidification rates for various laser processing conditions and later to establish the relationship with the corresponding microstructure, chemical composition, and phase evolution by experimental analyses (XRD, SEM, EDS). Additional details on a similar thermal modeling methodology and setup of transient two-dimensional heattransfer boundary conditions in Cartesian coordinates can be found elsewhere in order to avoid repetition. 32, 33, [46] [47] [48] [49] To achieve higher accuracy, the computational model also incorporated the temperature dependent material properties and physical constants. 32, 33, [46] [47] [48] [49] The model was designed and developed to predict the history of the temperature during laser processing. Based on this information, the corresponding cooling rates (K/s) and solidification rates (mm/s) are evaluated (along normal and parallel axis of the surface) by following the equation (1) 32, 47 and equation (2) 50-52 for various laser processing conditions. Here, T, t, x, and y are the temperature in Kelvin, time in second, x-coordinates in millimeter, and y-coordinates in millimeter, respectively. 
Microstructural and phase evaluation
The cross-sectional microstructural and elemental phase analysis was performed on the laser treated and untreated AZ31B Mg alloy coupons in order to investigate the effect of laser surface modification on the microstructural (and/or grain size) variation. The microstructural analysis and element identification were carried out using a FEI Quanta 200 environmental scanning electron microscope (ESEM) and EDS, respectively. During sample preparation, the laser treated and untreated AZ31B Mg alloy coupons were cut by a slow speed/low stress diamond saw into cross-section perpendicular to the laser track. The cut samples were then mounted in the cold epoxy and gently (minimal applied load along with cooling fluid) polished with SiC paper (from 400 to 1200 grit) followed by disk polishing with Al 2 O 3 powder of 1 mm, 0.3 mm, and 0.03 mm to get a flat and mirror-finished surface. These approaches in preparation of the samples for microstructure ensured the absence of any adverse effect on the original microstructure. The polished coupons were then ultrasonically cleaned with methanol. To reveal the microstructure features, laser treated and untreated coupons were etched by the etchant constituting of a mixture of 5 mL acetic acid, 6 g picric acid, 10 mL H 2 O and 100 mL ethanol (95%) for approximately 10 s. 53 It would be more accurate to measure the grain sizes on the top surface of the laser treated sample. However, it was anticipated that the shallow depth of laser modified region could damage the vital microstructural details during subsequent sample preparation. Therefore, the cross-sectional micrographs of laser treated and untreated AZ31B Mg alloy coupons obtained during SEM analysis were used to measure the grain sizes on the top most region. Furthermore, phase identification in the laser treated and untreated AZ31B Mg alloy coupons were studied by using a Rigaku III XRD with Cu Ka radiation (wavelength 0.15418 nm). The XRD system was operated at 40 kV and 44 mA in a 2y range of 20-90 using a step size of 0.025 and a scan rate of 4 /min. The XRD analysis software JADE was used for phase identification and background correction. The phases present in the resulting pattern were identified by comparing the XRD pattern with standard International Center for Diffraction Data (ICDD) files obtained from the Joint Committee of Powder Diffraction Standards (JCPDS).
Surface roughness measurement
The surface roughness of the laser treated and untreated AZ31B Mg alloy was measured by NANOVEA Õ PS50 optical profilometer with an optical pen of 400 mm at scanning rate of 1 mm/s (10 Â 10 mm 2 surface area). The surface profile measurement process followed the standard protocol given by the ISO 251782:2012 (Geometric Product Specifications-Surface texture: areal) specifications. Furthermore, post-processing was carried out on the raw data previously obtained during the surface profile measurements by using the NANOVEA Õ 3D software based on the standard inbuilt NANOVEA Õ template. Finally, the area-profile measurements were carried out to measure the roughness parameters in the form of S a (arithmetic mean height, mm) and S q (root mean square height, mm).
Bio-wettability evaluation
The surface wettability evaluation was carried out on laser treated and untreated AZ31B Mg alloy coupons by employing a static sessile drop technique (contactangle measurement) by using CAM-Plus Õ contact angle goniometer (Cheminstruments, Inc. Fairfiled, OH) with a fiber optic light source. To minimize errors, the measurement was carried out by placing the 10 liquid droplets on the thoroughly cleaned surface by a hypodermic syringe at room temperature (25 C) in vibration free environment for approximately 10 s to attend the stabilization. In order to eliminate the error associated with the arbitrary tangential alignment, the contact angle was measured based on the patented half angle method (US Patent 5268733). 29 According to Van Oss approach 54 the surface energy can be calculated by equation (3).
In this approach, is the surface energy. The surface energy can be divided into the Lifshitz-Van der Waals surface energy ( LW ) and Lewis acid-base surface energy ( AB ), which can be calculated from equations (4) and (5). 54
Here, þ is the Lewis acidic or the electron-acceptor component, À is the Lewis basic or the electron-donor component, is the contact angle of liquid and solid, and subscripts S and L are to represent solid and liquid, respectively. 55 One non-polar (1-bromonaphthalene) and two polar liquids (water and Formamide) were used to solve three unknown components, S LW , S þ , and S À in equation (3), and their corresponding surface energies were generated by following the standard procedure described by Paital et al. 55 and Bargir et al. 56 ( Table 2) . To investigate the role of bio-wettability of AZ31B Mg alloy, contact-angle measurement was also performed on the laser treated and untreated AZ31B Mg alloy coupons with the simulated body fluid (SBF) solution. The chemical composition of SBF was: NaCl (8.026 g), NaHCO 3 (0.352 g), KCl (0.225 g), K 2 HPO 4 Á3H 2 O (0.230 g), MgCl 2 Á6H 2 O (0.311 g), CaCl 2 (0.293 g), and Na 2 SO 4 (0.072 g) into DI water (700 mL), 29 and its pH was 7.3 at room temperature.
Results and discussions
Thermal modeling Prediction of temperature history. Laser surface modification was conducted with five different laser power levels (P ¼ 250, 500, 750, 1000, and 1250 W), keeping constant scanning speed (500 m/s) and fill spacing (0.15 mm). Their corresponding laser energy density (from 1.06 to 5.31 Â 10 6 J/m 2 ) is listed in Table 1 . The developed thermal model simulated the laser surface modification process and, accordingly, predicted the temperature history for all laser processing conditions ( Figure 2 ). During laser processing, several different physical phenomena took place in the material, such as rapid heating by the incident laser, self-quenching by the bulk mass material, and heat losses by external natural convection and radiation. When laser beam was incident on the surface, the energy was absorbed by substrate that resulted in rise in temperature over melting temperature of AZ31B Mg alloy. Through the laser interaction (or beam residence) time, more material transferred from solid to liquid due to the increasing energy absorption ( Figure 2 ). As a consequence, the peak temperature reached its maximum value at the end of the laser interaction (or beam residence) time (1.2 ms), and also the laser-material interaction area reached its maximum volume. In addition, it was observed that the maximum temperature is higher than the liquidus temperature (903 K) of AZ31B Mg alloy for all laser processing conditions used in the present efforts. Among them only two laser processing conditions (4.24 and 5.31 Â 10 6 J/m 2 ) generated the maximum temperature higher than the vaporization temperature (1373 K) of AZ31B Mg alloy. However, due to extremely short time of laser-materials interaction (1.2 ms) and associated extremely rapid selfquenching (cooling), the material loss via vaporization was minimal. Based on Figure 2 experienced the temperatures above vaporization (T v ) for very short time period (<0.7 ms and <0.3 ms, respectively). Material loss due to vaporization is temperature as well as time dependent phenomenon and, in the present case, the time (where T > T v ) is extremely short and not sufficient to cause significant material loss. Based on this observation, it is confirmed that the material loss due to vaporization is minimal. In addition, based on the prior experimental and computational work carried out by the author's group for various other material systems also provided the similar results. 48, 49 During the cooling process, the heat flow from liquid to solid caused the surface temperature to rapidly decrease to liquid temperature. However, due to the specific heat (extra energy) released during phase change (from liquid to solid) at the onset of melting range of AZ31B Mg alloy (903 K) that seized the process of solidification is characteristically seen by the level out/off near liquid temperature ( Figure 2 ). Once this extra energy is entirely consumed, the solidification process again undergoes (930-705 K), which cause the rapid temperature fall.
Prediction of cooling rates, solidification rates, and melting depth. Based on the predicted temperature history for various laser processing conditions, the corresponding cooling and solidification rates (along normal and parallel axis of surface) were calculated by following equation (1) and equation (2) and are listed in Table 3 . The results indicated that all the laser treated samples experienced the cooling rate higher than 10 4 K/s during solidification. The highest cooling rate (2.07 Â 10 4 K/s) and corresponding higher solidification rates along y-axis (3.7 mm/s) and x-axis (2.95 mm/s) were estimated for the highest energy density processing condition ( Table 3 ). Since the phase change kinetics and resultant microstructure evolution during laser processing are temperature dependent and therefore temperature gradient along the x-axis (parallel to the surface plane) and y-axis (normal to the surface plane) plays an important role during solidification. It was observed (Table 3 ) that the solidification rates along y-axis is marginally higher than the solidification rates along x-axis, which in turn was indicative of the similar resultant grain growths along x-and y-axes. These findings are discussed in greater depth in the following sections.
Microstructural and phase analyses
Scanning electron microscope. The cross-sectional SEM analysis shows the two distinct zones: namely (i) laser modified region and (ii) heat affected zone (Figure 3a) . Moreover, the microstructure of these laser modified regions predominantly shows equi-axed microstructure. According to equation (2), solidification rate depends on cooling rates and temperature gradient. However, the cooling rates in all laser processing conditions are within 10 4 K/s. Therefore, in this case the temperature gradient and resultant solidification rates play a significant role in the formation of equi-axed microstructure. Based on the computational prediction (Table 3) , the cooling rates along y-axis (normal to the surface plane) are slightly higher than along x-axis (parallel to the surface plane) during the initial solidification of melting material. However, this marginal difference in solidification along x-and y-axes formed equi-axed microstructure throughout laser modified region as evidently seen in Figure 3a . Furthermore, in order to validate the thermal modeling predictions, the melting depth for all laser processed samples were measured and compared with the computationally predicted melt depth (Table 4 ). It was found that the differences between them are within AE1%, which successfully validated the computational model with higher prediction accuracy. In SEM backscatter electron micrographs mode, the marked contrast difference was observed between matrix and grain boundaries (Figure 3a ). The EDS analysis shows both Mg and Al peaks exist in the grain boundaries, while only Mg peak is found within the grain (Figure 3b ). Laser surface modification can generate very high rate of heating and cooling/quenching, which in turn, increases the nucleation density and grain growth rate. Self-quenching is one of the unique features of laser surface modification, in which the small localized surface experiences rapid melting and solidification, while the bulk material below the surface serves as a heat sink with no change in microstructure. Thus, unique characteristics of laser heat treatment generate a fine-grain microstructure and promote phase transformations that are not possible using conventional techniques. As evidence, the cross-sectional SEM observation of laser treated samples ( Figure 4 ) demonstrated such grain refinement. Figure 4 shows the grain size variation of untreated and laser treated AZ31B Mg alloy samples. Before laser treatment the AZ31B Mg alloy obtained very large grains ($10.13 mm) compared to the laser treatment samples (from 1.23 to 1.72 mm). As discussed earlier, the grain refinement depends on the laser processing conditions and associated cooling/solidification rates, which is presented in Figure 5 . Based on this analysis, it was revealed that the average grain size of laser treated samples decreased with an increase in the laser energy density and the smallest grain size of 1.23 AE 0.06 mm was obtained for the highest laser energy density processing condition (5.31 Â 10 6 J/m 2 ).
X-ray diffraction (XRD). The XRD analyses of all laser processed and as-received AZ31B samples indicated only the presence of a-Mg peaks. Laser processing is a non-equilibrium process and is associated with high rates of cooling and solidification (Table 3) . Therefore, the high temperature a-Mg phase can be retained at the room temperature without or with formation of minimal amount of b-Mg 17 Al 12 precipitate from a-Mg along the grain boundary. Although with the detection of Al along the grain boundary during EDS analysis (Figure 3b ), the possible presence of small amount of b-Mg 17 Al 12 was predicted, however such small amount being beyond the resolution of XRD analysis, the peaks corresponding to b-Mg 17 Al 12 were absent in XRD spectra ( Figure 6 ).
Surface roughness analysis
The optical profilometer was utilized to measure the surface roughness of the laser treated and untreated AZ31B Mg alloy and the corresponding three-dimensional surface morphology (Figure 7) . In order to quantify the degree of roughness, Figure 7 shows the roughness parameters of all samples in area arithmetic mean height (S a ) and area root mean square height (S q ). The untreated AZ31B Mg alloy sample demonstrated the smoothest surface finish (S a ¼ 0.08 AE 0.01 mm and S q ¼ 0.11 AE 0.01 mm) ( Figure 7a ). It was revealed that the surface roughness of laser treated samples increased with an increase in the laser energy density (Figure 7) . The lowest surface roughness (S a ¼ 0.22 AE 0.24 mm and S q ¼ 0.29 AE 0.24 mm) among laser treated samples was obtained for the lowest laser energy density processing condition (1.06 Â 10 6 J/m 2 ) (Figure 7b ). In addition, surface roughness parameters obtained for last two processing conditions (4.24 and 5.31 Â 10 6 J/m 2 ) showed significantly higher values of S a and S q as compared to the other laser processing conditions (Figure 7e and f) , which can be further correlated with temperature profile. According to the temperature history (Figure 2) , the samples processed with last two laser processing conditions (4.24 and 5.31 Â 10 6 J/m 2 ) (Figure 7e and f) not only experienced melting but also vaporization for short duration of time (0.3 and 0.7 ms, respectively). It was reported by the various publications 48, 49 that the evaporation at the melt surface can generate recoil pressure and it in turn can induce shock waves to cause hydrodynamic melt motion sufficient to make deeper valley and taller peaks, which is evidently seen by the higher values of S a and S q in last two laser processing conditions (4.24 and 5.31 Â 10 6 J/m 2 ) (Figure 7e and f) . Furthermore, vaporization for such short duration of time (0.3-0.7 ms) was likely to produce negligible material loss to cause any appreciable change in the composition of the alloy surface and its properties other than the surface roughness described above.
Effect of surface characteristics on bio-wettability
Surface energy. The surface energy evaluation was carried out on laser treated and untreated AZ31B Mg alloy samples by employing contact-angle measurement technique (Table 5 ) by using two polar liquids (water and formamide) and one non-polar liquid (1-bromonaphthalene). A contact angle less than 90 (low contact angle) usually indicates that wetting of the surface is very favorable, and the fluid will spread over a large area of the surface. In the present work, it was observed that the average contact angle of three different liquids on all laser treated and untreated AZ31B Mg alloy coupons is less than 90 . Also, the contact angle of laser processed samples is smaller than the untreated as-received AZ31B Mg sample under three different liquids ( Table 5 ). The results of the contact angle are further used to evaluate the total surface energy by following equations (3) to (5) . As a result, all laser treated samples indicated the higher surface energy than as-received AZ31B (37.91 mJ m À2 ); however, the sample processed with 2.12 Â 10 6 J/m 2 laser energy density processing condition possesses the highest surface energy (47.92 mJ m À2 ) among all other laser processing conditions (Table 5 ). With increased laser energy density, initially for 1.06-2.12 Â 10 6 J/m 2 laser processing conditions the total surface energy rose (from 44.07 to 47.92 mJ m À2 ), but later dropped (from 47.92 to 44.41 mJ m À2 ) for 2.12-5.31 Â 10 6 J/m 2 laser processing conditions (Table 5 ). Such variation of the surface energy as function of laser energy density is Bio-wettability. To explore the role of surface characteristic (grain size, surface roughness, and surface energy) on bio-wettability, contact-angle measurement was also performed on the laser treated and untreated AZ31B Mg alloy samples under SBF solution ( Table 6 ). The SBF contact-angle measurements of all laser processed samples (except 5.31 Â 10 6 J/m 2 ) showed the lower SBF contact angle (and higher surface energy) than asreceived AZ31B Mg alloy sample (75.0 AE 3.41 ). However, the sample processed with 2.12 Â 10 6 J/m 2 laser energy density processing condition showed the lowest SBF contact angle (41.2 AE 5.53 ) and highest surface energy (47.88 mJ m À2 ) among all other laser processing conditions (Table 6 ). With increasing laser energy density, initially for 1.06-2.12 Â 10 6 J/m 2 laser processing conditions the SBF contact angle decreased (from 62.1 to 41.2 ), but SBF contact angle further increased (from 41.2 to 78.6 ) with an increase in laser processing conditions (from 2.12 to 5.31 Â 10 6 J/m 2 ) ( Table 6 ). As stated earlier, the lower contact angle shows higher surface energy and, in turn, exhibits better bio-wettability. Furthermore, the bio-wettability is a complex phenomenon; several factors affect the interactions between bio-molecule and surface. It is also difficult to justify which factor plays as a predominant effect on surface wettability. Therefore, the bio-wettability performance of laser treated AZ31B Mg alloy surface is not only solely affected by the SBF contact angle values, but also influenced by the surface characteristics such as average grain size and surface roughness ( Table 6 ). As mention early, Sunil et al. 12 also investigated the influence of microstructural evaluation and the modified surface features in AZ31B Mg alloy by groove pressing on wettability, in-vitro bioactivity, and cell adhesion. They qualitatively showed that the improvement of water wetting on the modified surface of AZ31B Mg due to the grain refinement and induced surface roughness, leading to accelerated mineralization in SBF and good spreading cells to cover the surface of the sample. In order to investigate these correlations in the present work, Figure 8 was prepared to demonstrate the trend of changing SBF contact angle, average grain size, surface roughness, and surface energy values. Comparing to the untreated AZ31B, the SBF contact angle of laser treated sample reduced with an increase in laser energy density, and it also corresponds to the trend of the increasing surface energy. Amount all the laser process conditions, the 2.12 Â 10 6 J/m 2 laser processing condition sample exhibits the lowest SBF contact angle; that is, this process condition performed most hydrophilic as compared to other processing conditions. Then, with increasing laser energy density, the surface energy of the sample became smaller, and the SBF contact angle increased. The last two laser processing condition samples preformed as the most hydrophobic surface, even close to as-received AZ31B surface wetting performance. This observation indicates that too high laser energy did not benefit to the surface bio-wettability, and it was also evident that the change in surface energy and SBF contact angle did not follow the trend with the surface roughness trend.
To explain the above phenomenon it is necessary to consider the effect of grain size on wettability. Since increasing laser energy density leads to the reduction of grain size and increasing grain boundary area, the (Figure  3b ). However, the presence of marginal amount of b-Mg 17 Al 12 phase (<1 volume fraction) along the grain boundary in all samples processed with various laser processing conditions is likely to have minimal or no effect on wettability. Nonetheless, further detailed microstructural and chemical compositional characterization/analysis is underway and will be separately presented in the future publication. Grains and grain boundaries can react with SBF molecule differently. Therefore, surface with smaller grain size and larger grain boundary area cause more heterogeneity in the chemical composition. Comparing with all laser processing conditions, it can be observed that when the surface which obtains low surface roughness and larger grain size (homogeneous chemical composition) perform more hydrophilicity (better bio-wettability); the surface which obtains high roughness and small grain size (heterogeneous chemical composition) perform more hydrophobicity (poor bio-wettability). Therefore, for better bio-wettability surface the laser processed samples should have lower SBF contact angle, optimized grain size to attained higher homogeneity in chemical composition, lower surface roughness, and higher surface energy as stated earlier. Even though, while the surface wettability is a complex phenomena that depends on several factors, it is equally challenging to justify which factor plays a predominant role on surface bio-wettability.
Conclusion
Laser surface modification technique was successfully implemented to enhance the surface bio-wettability of AZ31B Mg bio-implant. A computational model was designed to simulate the laser surface modification process on AZ31B Mg alloy that, in turn, facilitates the prediction of the temperature evolution and resultant cooling/solidification rates under various laser processing conditions (1.06, 2.12, 3.18, 4.24, 5.31 Â 10 6 J/m 2 , respectively). The results of SEM, EDS, and XRD analysis showed the equi-axed microstructures with nonuniform chemical composition of predominately a-Mg phases in grain matrix and enrichment of Al in grain boundary within laser modified region. With increasing laser energy density, the grain size of equi-axed decreased (1.72, 1.53, 1.38, 1.28, 1.23 mm, respectively). The results of optical profilometer showed that the surface roughness increased (S q ¼ 0.29, 1.26, 1.79, 5.04, 5.05 mm, respectively) with increasing laser energy density (1.06, 2.12, 3.18, 4.24, 5.31 Â 10 6 J/m 2 , respectively). Surface energy calculation and SBF contact-angle measurement revealed that the surface with moderate laser energy density condition (2.12 Â 10 6 J/m 2 ) exhibits higher surface energy (47.88 mJ m À2 ), and lower SBF contact angle (41.2 ). In conclusion, this enhancement in bio-wettability for laser surface modification AZ31B Mg alloy can therefore be attributed to the combined effect of grain size, roughness, and surface chemistry following laser processing. The current preliminary investigations clearly established the promise for optimization of wettability through experimental design. Grain size (mm) Figure 8 . The influence of surface energy, surface roughness, and grain size on the SBF contact-angle measurement under various laser processing conditions.
